Magnetoelectric spin-orbit (MESO) logic is a promising spin-based post-CMOS logic computation paradigm. This paper explores the application of the basic MESO device concept to more complex logic structures. A simulation framework is first developed to facilitate the performance evaluation of MESO-based circuits. Based on the analysis, it is seen that inadvertent logic errors may potentially be introduced in cascaded MESO stages due to sneak paths, and solutions for overcoming this problem with a short pulse and two-phase evaluation are discussed. Next, the generalization of the MESO inverter structure to majority logic gates is shown. Two implementations, based on different physical mechanisms, are presented and a relative analysis of their speed and power characteristics is provided.
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I. INTRODUCTION
As CMOS-based designs reach their limits, there is an increasing interest in developing novel device technologies. Spin-based computing shows promise as it embraces emerging physical mechanisms and new materials to enable better device performance and enriched design functionality. Through mechanisms that allow material and feature scaling, spintronics provides a pathway for designing future electronic systems [1] .
Magnetoelectric spin-orbit (MESO) logic [2] is a recently proposed spintronic logic device concept that achieves high energy efficiency by combining the ME coupling effect [3] - [5] with the inverse spin-orbit coupling (ISOC) effect [6] - [8] . Low-energy magnetic state switching is enabled by the ME coupling effect and realized with the presence of multiferroic materials or heterostructures [9] , [10] . The ISOC effect provides efficient spin-to-charge conversion and facilitates the use of charge-based signal propagation between stages of logic. Unlike technologies such as all-spin logic [11] , [12] that use spin current to propagate signals, the use of charge current avoids the large overhead of repeater insertion [13] . Together, the ME and ISOC effects realize energy-efficient transduction between the charge and magnetic state variables, and either could implement majority logic.
In this paper, we first develop a simulation framework to determine the energy and delay of a single MESO device as well as cascaded stages of MESO structures. We introduce our method for estimating the delay and energy of the MESO device based on our modified circuit model with conventional elements as well as the ferroelectric (FE) capacitor model based on Landau-Khalatnikov (LKh) equation. The simulation method and the performance measurement are described in Section II. Next, we examine issues related to cascading MESO logic stages in Section III, with particular attention to the potential for sneak paths that may disrupt correct operation. In Section IV, we propose and evaluate two approaches for implementing MESO majority gates based on the two different physical mechanisms in the MESO device, and conclude with Section V.
II. MODELING A MESO INVERTER A. STRUCTURE OF A BASIC MESO INVERTER
A basic MESO inverter [2] consists of several major components, as shown in Fig. 1 : an input unit that uses ME coupling to transduce incoming charge current to a magnetic state variable in the in-plane ferromagnet (FM); an output unit that generates positive or negative charge current using the ISOC effect, depending on the magnetization in the FM; and a metallic channel that conducts charge current from an output unit of the previous stage to an input unit of the current stage. Fig. 2 (a) shows a pair of cascaded MESO inverters, each associated with a different state, as indicated by the magnetization direction of the FM in each stage. The presence of two states is characterized by the sign of a parameter, η, defined as the conversion ratio between the supply current from the transistor and the current generated by the ISOC unit. The sign of η indicates whether the ISOC charge current injected by the output unit goes into (η < 0) or out of (η > 0) the metallic channel: this sign is determined by the direction of magnetization in the FM layer in the output unit. More details about η will be elaborated in Section II-B2. The operation of a single MESO inverter proceeds as follows.
1) The charge current from the output of the previous stage is injected into the FE material in the input unit of the current stage. The FE material is modeled as a capacitor for which the behavior is governed by the LKh equation [14] , and the input current generates a voltage that switches its polarization. 2) The FE capacitor voltage induces a magnetic field on the FM due to the ME effect, flipping its magnetization.
3) The output unit has a transistor above the ISOC material stack and a ground contact beneath it. A charge current, injected through the transistor, is polarized to positive or negative spin currents, depending on the magnetization in the FM [15] . This spin current flows into the ISOC conversion stack beneath the FM, which performs spin-to-charge conversion based on the inverse spin-Hall effect (ISHE) and the inverse Rashba-Edelstein effect (IREE) [6] - [8] . Depending on the spin current polarity, either positive or negative charge current flows into the metallic interconnect that drives the next logic gate.
B. CIRCUIT MODEL FOR A MESO INVERTER
In this section, we will introduce a circuit model of a MESO inverter and elaborate upon the ISOC current conversion model as well as the response of the FE capacitor polarization. We will then show how a MESO stage can be analyzed using numerical circuit simulation to extract its delay and energy.
1) CIRCUIT MODEL
A circuit model for the MESO inverter was proposed in [2] . We extend this model to show the model for cascaded pair of MESO inverters in Fig. 2 (b), which shows the interactions between the successive stages. Our interest is in modeling the time required by this structure to charge the FE capacitor in the output unit, and accordingly we isolate the subcircuit that contributes to driving this capacitor and illustrate it in Fig. 3 . This differs slightly from the model in [2] , where node c was connected directly to ground; in contrast, we show that this path goes through a few resistors. The transistor is connected to a supply voltage, V dd , and is modeled as an effective resistance R T . This is valid given that the gate capacitance is small enough compared to the effective capacitance of the FE capacitor, and thus a gate transition does not induce a coupled voltage spike at the source that moves the transistor out of the linear region. Under the assumption that the transistor driving each stage is clocked during the transition, only R T for the current stage must be considered. The FM and ISOC material stacks are modeled as a vertical resistance R ISOC,v , and are connected to the ground lead resistance, R g . The generation of charge current from spin current is modeled as a current-controlled current source (CCCS), with a horizontal resistance R ISOC,h representing the internal ISOC source resistance. The interconnect resistance R IC associated with the metallic channels leads to one plane of the FE capacitor. The other plane of the FE capacitor is connected to a resistance R FM representing the entire horizontal resistance of FM. The FM is then connected to the vertical ISOC unit and the ground lead of the next MESO inverter, represented by R ISOC,v and R g from the next stage. 
2) MODEL FOR THE ISOC UNIT
The spin-to-charge conversion occurs in the ISOC stack based on the ISHE and IREE effects. The conversion between the spin current I s and the generated charge current I ISOC can be written in the following form [2] :
where w is the width of the ISOC conversion unit and λ IREE represents the IREE length [16] . The bulk ISHE is indicated by the spin-Hall angle SHE , the spin diffusion length λ sf , and the thickness t. The spin current, I s , injected into this stack is polarized by the FM from the charge current I c , that is,
where P is the spin polarization. Therefore, the conversion ratio η = I ISOC /I c for the CCCS can be written as
Using simulation parameters that will be detailed in Table I , the transient waveform for switching the voltage at node n1 and node b is shown in Fig. 4 when the sign of η changes from negative (before 0 ps) to positive (after 200 ps). It can be seen that the steady-state voltages for b are asymmetric about zero. To understand this, consider the steady state, where the FE capacitor can be treated as an open circuit, and no current flows through R IC . Thus, the voltage drop on the FE capacitor equals the voltage drop at node b, i.e., the voltage across R ISOC,h plus the voltage of node n1. The plot shows that the voltage at node n1 settles to 8.0 mV in the steady state. Since no current flows into R IC , the charge current I ISOC must flow to ground through R ISOC,h . From (3), the magnitude of η is identical for either FM polarization, but the sign depends on the Polarization; as a result, in this case, the voltage drop from node b to node n1 is ±40 mV. This results in asymmetric steady-state voltage levels of 8 − 40 mV=−32.0 mV and 8 + 40 mV =+48.0 mV, as shown in Fig. 4. 
3) MODEL FOR THE FE CAPACITOR
The LKh equation [14] , [17] , [18] governs the temporal response of the electric polarization P in the FE capacitor to the electric field E
where γ is a parameter indicating the switching speed, and β, g 2 , g 4 , and g 6 are obtained as fitting parameters that match experimental data to this theoretic model [18] . In the Supplementary Material, we demonstrate a hysteresis loop obtained based on (4) and the related remnant polarization.
C. CIRCUIT SIMULATION
The components associated with the MESO circuits in Figs. 2(b) and 3 can be classified into elements defined by linear algebraic equations (resistors, supply voltage source, and CCCS), and by nonlinear differential equations (FE capacitor). We analyze this structure by discretizing the differential equations in time, and at each time step, using Newton-Raphson linearizations to obtain affine representations of circuit elements that are solved by modified nodal analysis (MNA). We focus on the FE capacitor that is represented by the LKh equation, which is a nonlinear differential equation. We show in the following how the FE capacitor can be represented using an I -V relationship, eliminating the polarization variable P.
We begin with the equation Q = A( 0 E + P) = A( 0 V /T + P) that describes the free charge Q as a function of voltage V and polarization P on a capacitor with area A and a distance T between plates; here, T is the thickness of the FE capacitor. Based on the above-mentioned equation, we obtain the following linear relation between P, I , and V in the (i + 1)th time step:
where V i and V i are the values of V and P, respectively, in the ith time step, and h is the simulation time step. A derivation of (5) is provided in the Supplementary Material. Next, we revisit (4) and replace electric field
where
To eliminate P and create an I -V relationship for the FE capacitor, we combine (14), (5), and (6) to obtain the nonlinear I -V relation at the (i + 1)th time step
where g is a polynomial in I and V . Using standard circuit simulation approaches, we now create an affine approximation to this function about a guess, (I k , V k ), where the superscript k represents the Newton-Raphson iteration number
This provides a stamp [19] for the FE capacitor element, which when combined with the stamps for the resistors and CCCS, yields the MNA equations for each Newton-Raphson iteration.
Algorithm 1 Simulation Method for a MESO Gate
Input: Circuit netlist, initial polarization P 0 and voltage V 0 ; Output: Polarization P of the FE capacitor, voltage V and current I of every node in the circuit over the simulation period.
Initialization for time zero 2: repeat 3:
Time-stepping to the next simulation time Calculate dg/dI and dg/dV at I k , V k , based on g(I , V ) in (7). 7: Construct the affine relation between V and I based on (8). 8: Construct the MNA equations and solve them for V and I . 9: k ← k + 1.
10:
until V and I converge to the solution at time step i.
11:
Use V and I to calculate P at time step i based on (5). 12: until End of simulation time.
The simulation method is summarized in Algorithm 1. After initialization (line 1), the entire simulation contains two nested loops: the outer loop (lines 2-12) performs timestepping, setting up the computations for V , I , and P at each time step, while the inner loop (lines 5-10) performs Newton-Raphson iterations to solve the nonlinear equations at each time step. The Newton-Raphson iterations develop the affine form in (8) based on the partial derivatives of g(I , V ), (7) , which is used to create and solve the MNA equations (line 8).
D. CALCULATION OF DELAY AND ENERGY FOR THE MESO INVERTER 1) CALCULATION OF THE MESO INVERTER DELAY
The delay of a single MESO inverter includes two parts: the delay of switching the FE capacitor polarization, and the delay of switching the magnetization in the FM layer.
Delay of Switching FE Capacitor Polarization: As mentioned in Section II-B2, the incoming charge current from previous MESO inverter is injected into the ME unit, creating a voltage drop across the FE capacitor and switching its polarization. The switching response of the FE capacitor polarization is governed by the LKh equation and simulated numerically. As a baseline example, we perform the simulation to measure the inverter delay based on the parameters in Table I . The resistances related to ISOC stack are estimated based on the information from [20] , with the rest of the parameters from [2] . For the FE capacitor, the parameters in (4) are set to β = 500, γ = 3.5 × 10 −4 , g 2 = −2.0 × 10 3 Jm/C 2 , g 4 = −2.4 × 10 9 Jm 5 /C 4 , and g 6 = 4.2 × 10 10 Jm 9 /C 6 [18] .
As elaborated in Section S.4 of the Supplementary Material, the rise time t r , defined as the time required for the signal to transition from its 10% point to its 90% point, is 28.9 ps. The fall time is analogously defined and obtained as 46.8 ps. The average switching delay is t = (t r + t f )/2 = 37.9 ps.
As mentioned in Section II-B2, the voltage drop across FE capacitor (between node b and c) has a higher absolute value when η is positive (48 mV) compared to the case when η is negative (32 mV), leading to the asymmetry in the rising and falling transition as t r < t f . This symmetry is inevitable due to the circuit structure, but could be alleviated if the resistance to ground from n1, (R ISOC,v + R g ), could be reduced and/or if the conversion rate, η, could be increased. Both correspond to materials-related advances. For example, reducing (R ISOC,v + R g ) from 2k to 500 at the same η would change the steady-stage voltages to 44.7 mV for η > 0 and −40.4 mV for η < 0, with t r = 26.6 ps and t f = 30.2 ps, and a smaller average delay of t = 28.4 ps.
Delay of Switching FM Magnetization: After the polarization of the FE capacitor is switched, the FM magnetization will be switched due to the ME effect. This delay is added directly to the switching delay of the FE capacitor to obtain the inverter delay. As in [2] , the switching delay of the FM is treated as a fixed time, which is determined by the in-plane FM material parameters and the FE material properties. When the sign of electric polarization P in the FE capacitor changes, this constant latency representing the switching of FM follows, after which the sign of η in the next MESO inverter becomes opposite to the sign of P in current MESO inverter.
2) CALCULATION OF MESO INVERTER ENERGY
The MESO device energy per transition consists of two parts: 1) the energy dissipated by the MESO inverter comes from the supply source through the transistor, i.e., the product of the source voltage V dd , the current through the transistor resistance I supply , and the delay of the MESO inverter t and 2) the energy for charging the gate capacitor, C g . The total energy is given by
Note that the energy related to the ME coupling effect enabled FM switching is the charging energy of the FE capacitor. The charging process completes during the pulse t and is part of the first term in (9) . For circuits with multiple MESO gates, if each gate i is pulsed for time t i during its transition, the first term is altered to V dd · I supply · t i . Using the parameters in Table I , the rise and fall switching energies are 13.4 and 19.2 aJ, respectively, where C g V 2 g = 1.1 aJ in each case.
III. SNEAK PATHS IN CASCADED MESO INVERTERS
As stated in Section II-B2, since the FE capacitor acts as an open circuit at steady state, the voltage drop across an FE capacitor (between node b and c as shown in Fig. 3 ) in a single MESO inverter model is determined by the voltage drop across R ISOC,h (between node n1 and a), plus the node voltage at n1. In this figure, the voltage for one plate of the FE capacitor, at node c, is zero since no current flows through the resistors between c and ground in steady state; the same is true of the simpler model in [2] , where c is directly connected to the ground.
However, the simplifications of considering a single stage must be reexamined for the case where inverters are cascaded. The circuit model for this case is shown in Fig. 2(b) . Assuming that each stage is clocked while it is switching, the transistor for the first gate is turned off after C fe,1 is charged, and the transistor for the second gate is turned on. In other words, R T for the second gate was an open circuit while C fe,1 was being switched, but enters the circuit after the FE capacitor is charged. This creates two sneak paths. 1) A discharging path from b to ground through R ISOC,h and R g (the CCCS goes to zero since I s = 0 when the transistor is off), which sets the voltage of b to zero in the steady state. 2) An additional charging path to c through n2 that could corrupt the stored value on C fe,1 . If only the former path was present, this would not be a cause for concern, since the polarization would move to its nonzero remnant polarization value when the voltage across the capacitor decays to zero. In this section, we show that the latter sneak path, when coupled with the former, may change the voltage drop across the FE capacitor, and thus inadvertently switch its polarization under some clocking scenarios. This can be avoided, but imposes additional overheads and delay constraints in the design of MESO gates. We now consider the following two clocking scenarios.
1) Pulsed Clocking: Each MESO inverter in a cascade is
turned on by a single pulse for a certain period of time. 2) Always-On: Every MESO inverter in a cascade is turned on for the entire period of operation of the circuit. 
A. SNEAK PATHS UNDER PULSED CLOCKING
Fig . 5 shows the voltage waveform that clocks the transistors for two successive stages in a cascaded MESO inverter chain, and the circuit models during these two pulses. The operation of the circuit can be divided into several steps. 1) As shown in Fig. 5(b) , when the first pulse t on,1 turns on the supply current, the generated ISOC current will start to charge the FE capacitor in the first stage. For illustration, we consider the case where η > 0 (the η < 0 case is analogous); here, the voltage drop across C fe,1 will be positive (V (b) > V (c)) and the polarization will switch to its positive saturation value. 2) Next, in the OFF period t off , the polarization in C fe, 1 drops toward its remnant value, and the magnetization in the adjacent FM is switched by the ME effect. 3) The second pulse, t on,2 in Fig. 5(a) corresponds to the circuit shown in Fig. 5(c) , and serves to charge node b 2 , setting C fe,2 to a negative polarization. However, this pulse will also pull up the voltage at node c 1 through the path V dd2 → n2 → c2, while the sneak path b1 → a1 → n1 → ground will discharge the plate of C fe,1 on the node b1 side. Thus, a negative voltage between nodes b1 and c1 may be created. This voltage sets up a transient that can change the polarization of C fe,1 from positive to negative, which may cause an inadvertent error. For the case when t on,1 = t on,2 = 50 ps and t off = 200 ps, as shown in Fig. 6(a) , under the technology parameters in Table I , we show the transient behavior of the polarization in the FE capacitor, C fe,1 , in Fig. 6(b) . The choices for the on pulsewidth are based on our simulation results for singleinverter transition time as in Section II-D1. The polarization should have remained positive after 50 ps, but it can be seen an inadvertent error caused as C fe,1 is switched to a negative polarization during t on,2 due to the sneak path.
This inadvertent error may be avoided by optimizing the operation periods. For example, in Fig. 7 , when we alter VOLUME 4, NO. 2, DECEMBER 2018 t on,1 = t on,2 = 25 ps, the polarization remains positive even after the second pulse, even in the presence of a sneak path.
B. SNEAK PATH EFFECTS UNDER ALWAYS-ON CLOCKING
The always-on clocking model negates the effect of sneak paths completely. Under this model, all transistors are on for the entire duration, and the circuit model is identical to that shown in Fig. 2(b) . In this mode, the two nodes b1 and c1 on the two sides of the two plates for C fe,1 are both connected to supply current paths, and there is no sneak path discharging the FE capacitor. However, the energy consumption here is high as the V dd supply constantly provides current to the system. In summary, the pulse time matters in several respects. As explained in Section II-D2, smaller pulse time is preferred for lower energy consumption. Nonetheless, enough pulsewidth is still required to guarantee successful switching. Pulse time is also important in the occurrence of sneak path effects as discussed in Figs. 6 and 7. Choosing a proper pulse time (25 ps in Fig. 7 ) could prevent the electric polarization from going to the undesired negative region (as shown in Fig. 6(b) at 300 ps) due to the sneak path, while the FE capacitor still have enough time to complete a successful switching.
IV. MESO-BASED MAJORITY GATE DESIGN
We now discuss how to construct a majority gate based on two approaches for switching the FE capacitor polarization at the next stage. We use the gate inputs to either: 1) generate competing domain walls (DWs) that switch the magnetization at the FM output; or 2) generate competing charge currents. These gates calculate the minority amongst the three inputs. Instead of using the term ''minority gate'' or ''majority complementary gate,'' we use the term ''majority gate'' as in [21] .
A. MAJORITY GATE USING COMPETING DWs IN THE FM
A three-input majority gate could be formed by feeding each input to a structure similar to a MESO inverter, and connecting their FMs together into a single merged structure driving an output ISOC unit, as illustrated in Fig. 8 . Each input ME unit switches the magnetization of the partial FM region above it, and propagates a DW that transmits the magnetization from three input branches to the junction. The majority of magnetization will propagate to the output branch O in a properly designed FM [22] with a switching time of 200 ps. Next, as in the case of the MESO inverter, the magnetization at the output O determines the direction of the charge current generated out of the ISOC unit in the output stack, switching the polarization of the input FE capacitor of the next gate. In computing the energy for a gate, we count the energy required to switch O and to switch the input FE capacitor of the next gate. Therefore, the energy for switching the polarization in the FE capacitors in each input ME unit of the current gate is counted toward the energy consumption of the previous MESO gates. Based on this approach, the energy for this majority gate is identical to a single MESO inverter, as given in (9), and consists of the energy required to drive the load FE capacitance and the energy required to switch the transistor above O. Similarly, the delay corresponding to switching the polarization of the load FE capacitor is the same as that for a single MESO inverter delay, and as before, the delay of propagating the signal through the FM is treated as a constant. Therefore, the delay and energy consumption of this majority gate is the same as that in Section II-D1.
B. MAJORITY GATE USING CHARGE CURRENTS
Alternatively, majority gates can be implemented using the charge current, as shown in Fig. 9 . Here, the three metallic channels A, B, and C going out of each ISOC unit merge together and connect to a common FE capacitor through the output branch O. The majority direction of the charge current in the three metallic channels determines whether the voltage drop on the output FE capacitor is positive or negative, which realizes the majority function. We show that the current to the load is not the algebraic sum of the I ISOC values in each of the three branches, and other circuit elements also play a part. 
1) OUTPUT VOLTAGE OF THE MAJORITY GATE
The operation of the gate is captured by the circuit model in Fig. 10 . The polarization of each FE capacitor C fe,k (k = 1, 2, 3) determines the magnetization in the adjacent magnets through the ME effect, and consequently the sign of η for each ISOC unit. The sign of each η indicates not only the direction of charge current in the three channels but also the voltage level at nodes n4, n5, and n6: a positive η results in V (ni) > 0 (i = 4, 5, 6) in the corresponding branch; otherwise V (ni) < 0.
Since an FE capacitor is an open circuit in the steady state, the voltage drop across C fe,4 is determined by V (n7) with the opposite plate at ground. The voltage at node n7 is a result of voltage division between V (ni) (i = 4, 5, 6) through the channels: a branch with η > 0 induces a higher voltage and will inject current into the branch with η < 0, so that min i∈{4,5,6}
Therefore, if the inputs with positive η are in the majority [minority], V (n7) will stabilize at a positive [negative] value. From Table II , the cases with three or zero positive η values show no voltage difference between V (ni) (j = 4, 5, 6), and thus V (n7) equals each V (ni) since no current flows through the metallic channel. In the other two cases, the positive η branch(es) inject(s) current into the negative η branch(es), even in the steady state. This creates a voltage divider that determines the voltage at the intermediate node, n7.
The voltage values are not symmetric, e.g., the case where all inputs have η > 0 has a larger output voltage than the case where all inputs have η < 0. The root cause of this is similar to the asymmetry seen in the voltage drop on the FE capacitor in a MESO inverter under negative and positive η, as discussed in Section II-B2. For cases where all three η values do not have the same sign, the magnitude of V (n7) is even lower, although for these parameter values, the majority gate operates correctly, i.e., the sign of the voltage at n7 matches the majority sign of the η values at the gate inputs.
However, this may not always be true, and V (n7) depends on the voltage divider action. In fact, if the value of (R ISOC,h + R g ) is too high, the voltage for the + − − case may not go below zero, and the output FE capacitor may incorrectly carry a positive P. This effectively places an upper bound on (R ISOC,h + R g ). Keeping all other simulation parameters unchanged, if this total resistance is increased from 2 to 3 K , then the polarization will not be switched to a negative value. In this case, the values of V (n4), V (n5), and V (n6), are 4.2, −1.9, and −1.9 mV, respectively. The voltage divider action then sets V (n7) = 0.13 mV, which incorrectly results in P > 0 at the output FE capacitor.
Practically, switching at small voltages such as 3.1 mV is challenging under current technologies and may even fail since it is smaller than the coercive field of typical candidate materials. Increasing the value of η or R ISOC,h and decreasing R g or R ISOC, v in new technologies can help in raising the voltage to a higher value. For example, reducing R g +R ISOC,v from 2 to 1 k and increasing η from 1.0 to 2.0 would raise the voltage from 3.1 to 17.8 mV. Table III provides a summary of the rise and fall transition time under various input combinations. The overall delay of the majority gate is the transition time listed, added to the 200-ps delay of the FM. A rise transition goes from a case where the majority of η values is negative to one where the majority is positive. From Table II , the negative and positive majorities each correspond to two cases, and therefore, four cases must be considered. The same is true of the fall transition.
2) ENERGY AND DELAY OF THE MAJORITY GATE
The table shows a large range of delay values for the 90% switching time of the output FE capacitor polarization, depending on the initial and final input states. This can be ascribed largely to the voltage drop on the FE capacitor after the transition: larger steady-state values of V (n7) correspond to smaller delays. There are two cases in the fall transition time that are significantly larger than others, when inputs transition to + − − from different input states. Here, the final steady-state voltage at n7 has the smallest magnitude. This causes a small electric field across the FE capacitor, resulting in a slow transition. Considering the worst case transition, for a three-input majority gate based on charge current, we have t r = 26.0 ps, t f = 155.4 ps, and the average delay t = 90.7 ps.
The last column in Table III shows the energy dissipation of the charge current-based majority gate implementation. Similar to the single MESO inverter case, the energy of the majority gate is the summation of energy from the V dd source at each branch within the transition time. Long transition times naturally involve large energy dissipation, e.g., the energy for the fall transition of t f = 155.4 ps is 188.4 aJ, much higher compared to most of the other cases. Note that there is another case with a delay of t f = 154.1 ps but a slightly higher energy of 189.0 aJ. These two cases both share the same input states after the transition, but the input state for the latter case before the transition is composed of two positive η and one negative η, meaning that there are currents flowing between node n4, n5 and n6 at the beginning of the transition. Therefore, the averaged current during the transition is slightly higher and incurs a larger energy in the latter case. These values are much higher than the DW-based majority gate.
3) IMPROVING THE WORST CASE DELAY USING STEM
For cases where the difference between the best and worst case delays is large, the work in [23] had proposed STEM, a two-phase majority gate scheme for faster operation. We now show how STEM can be applied here to reduce the energy and delay.
In the first phase, STEM uses an initialization pulse to preset the polarization at the output with only one input branch activated. Immediately after this initialization phase ends, a short evaluation pulse is applied to the other two branches. If η for these two branches have opposite signs, then the majority value corresponds to the initial value. In this case, under the short pulse, V (n7) will be close to zero (even under asymmetric voltage levels), and the short pulse will not be applied for long enough to switch the polarization, and the majority function is correctly evaluated. On the other hand, if the two branches in the later phase have the same sign of ηs, they will induce a large voltage magnitude at n7, which will cause the polarization at the output to be switched very fast. The two-phase STEM switching process is illustrated under an initialization pulse of 75 ps and an evaluation pulse of 25 ps, as shown in Fig. 11(a) . We first consider the scenario where the input switches from η values of + + + to − − − in Fig. 11(b) . During the 75-ps initialization phase, the output switching to one of the incoming inputs, corresponding to a negative polarization. In the second phase, this polarization is reinforced by two negative inputs, resulting in a net negative polarization at the end of the second pulse. The FE capacitor then returns to its remnant polarization, as seen in the figure.
Next, in Fig. 11(c) , we show the fall transitions when the input switches from + + + to + − −. If the initialization activates a branch of negative η, the first pulse results in an identical waveform as the previous case. The second pulse causes a small increase in the polarization: this is caused by a positive V (n7) due to asymmetry, when one branch with negative η and one branch with positive η are activated at the same time, and is a result of the voltage divider that determines V (n7). As stated earlier, this is influenced by (R ISOC,v + R g ): in the same figure, we show another curve that considers a smaller value of (R ISOC,v + R g ); here, the polarization at the end of the second pulse is more negative. The smaller value demonstrates better switching and takes the polarization to saturation faster and suggests that the widths of the first pulse used in the two-phase scenario can be further reduced.
This STEM scheme reduces the worst case delay from 155.4 to 100 ps, the sum of the two pulse widths, and results in an average energy of 42.5 aJ, significantly better than the 188.4 aJ associated with the worst case and the 66.2 aJ average over all cases in Table III . The energy of charging the gate capacitor per transistor under STEM is also 1.1 aJ, the same as that for charging a single MESO inverter. The two-phase scenario may incur slightly more overhead for clock distribution, which is not included in our energy estimate.
V. CONCLUSION
This paper has introduced a method to simulate the performance of the MESO device, incorporating the LKh equation for FE capacitor polarization switching into traditional MNA-based circuit simulation to compute the energy/delay under realistic parameters. This paper has also presented the potential sneak path issue that may induce inadvertent logic errors in the cascaded MESO inverter chain. Two different majority gate implementations are proposed and analyzed based on the two computation mechanisms in the MESO device. For the charge-based majority gate, some input scenarios may be unable to reach the coercive field of the material, which results in switching failure: this is avoided by the STEM-based scheme.
